The molecular and physiological mechanisms of glycinebetaine stabilizing photosystem II complex under abiotic stresses are discussed, helping to address food shortage problems threatening the survival of growing population.
Introduction
In recent years, the periodicity, intensity and duration of extreme events have increased, and seemingly increased in the future (Ali et al. 2019) . In the context of climate change, the comprehensive effects of drought (Brito et al. 2019; Pawłowicz and Masajada 2019) , salinization (Brito et al. 2019; Pawłowicz and Masajada 2019; Ruan and Teixeira 2011) , high irradiance (Guidi et al. 2019) , low temperature (Megha et al. 2018 ) and high temperature (Raja et al. 2019; Tiwari and Yadav 2019) will be strengthened, and the adverse effects on plant growth and development will be further intensified to varying degrees. As immobilized organisms, plants are easy to be exposed to excessive environmental pressure, thus their photosynthesis , mineral nutrient acquisition (Molina-Rueda and Kirby 2015), yield quantity (Gellesch et al. 2017 ) and crop quality (Ji et al. 2010 ) may be vulnerable to be affected. Among them, photosynthesis is considered to be one of the most basic and critical physiological processes of plants on the earth, which is often limited by different environmental stresses such as heat, drought, salt and strong visible light (Xu et al. 2015) . And the reaction center of the photosystem II complex (PSII) is one of the most vulnerable parts in plant photosynthesis system . Therefore, the stability of PSII is crucial for the normal growth and development of plants. To reduce the restriction of environmental stress on their growth and development, plants will initiate their own resistance mechanisms, such as the synthesis of compatible solutes (Ahmad et al. 2013) . Glycinebetaine (GB), as a widely studied plant compatible solute, plays an important role under various abiotic stresses.
In addition to being a compatible solute for osmoregulation, GB also enhance expression of some proteins, such as heat-shock protein (HSP) (Li et al. , 2014a , enzymes or other macromolecules from denaturation and inactivation. PSII, as a large pigment-protein complex, can also be protected by GB through maintaining its stability. Numerous studies have revealed that exogenous application of GB and introduction of the GB into transgenic plants with no or less natural GB accumulation could increase PSII's tolerance to various abiotic stresses ( Table 1) .
The strong stabilizing roles of GB in the structure and function of PSII under abiotic stresses were reviewed as early as more than 20 years ago (Papageorgiou and Murata 1995) . In the past two decades, no one has carried out a detailed and targeted carding in this regard. Another related report is an overview, without a detailed discussion about the stabilizing effects of GB on the structure and function of PSII. However, progress in the field has been rapid, a fresh and in-depth appraisal is appropriate. The present review aims to summarize and track the latest and most thorough research progress in the field and sort out the stabilizing roles of GB in the structure and function of PSII.
Effects of abiotic stresses on the structure and function of PSII

Outline of PSII
Photosynthesis, the main convertor on earth for converting sunlight into chemical energy, is catalyzed by photosystem I (PSI) that produces the most negative redox potential in nature, which becomes an important factor in determining the overall enthalpy of biological systems; PSII produces an oxidant with high redox potential to oxidize H 2 O, ensuring life on earth has an infinite source of electrons; ATP synthase (F-ATPase) that uses the protonmotive force formed by the light-driven electron transfer reactions to produce ATP; and the cytochrome (cyt) b 6 f complex, which transmits electrons between PSII and PSI and converts redox energy to the proton gradient for forming ATP (Fig. 1) (Nelson and Yocum 2006) . PSII is the core of this process (Ferreira et al. 2004) , which is a protein super-complex embedded in the thylakoid membranes of oxygenic photosynthetic organisms: plants, algae and cyanobacteria. It is a multisubunit complex absorbing light and splitting water into energy and molecular oxygen using chlorophyll, carotenoid molecules and several redox-active cofactors (Pagliano et al. 2013) . In this way, PSII provides the primary reducing equivalents (electrons and protons from water), along with a complementary energy input from PSI, for converting carbon dioxide into carbohydrates (Ferreira et al. 2004) .
In-depth research has been carried out about the structure of PSII and more than 25 subunits of PSII have been found on thylakoid membranes, including reaction centers (RCs), the oxygen-evolving complex (OEC), and the chlorophyll a/b light-harvesting antenna complex (LHC) (Allahverdiyeva et al. 2013) . The center part of the RCs is D1 protein (PsbA), which is the most important of the six intrinsic proteins, and the other five intrinsic proteins are D2 (PsbD), CP47 (PsbB), CP43 (PsbC), and the α and β subunits (PsbE and PsbF) of cytochrome b559 (Cytb559) in higher plants ( Fig. 1) (Pagliano et al. 2013) . OEC consists of four Mn atoms, one Ca atom and five oxygen atoms (Mn 4 CaO 5 ), is the catalytic center of water decomposition (Yano et al. 2006) . In higher plants and green algae, the Mn cluster is surrounded by the extrinsic proteins 18 kDa, 23 kDa and/or 33 kDa (PsbQ, PsbP, PsbO) (Cao et al. 2015) . Interestingly, it has been found that the C terminus of D1 polypeptide was connected to the cluster directly (Kamiya and Shen 2003) . In cyanobacteria, 23 kDa and 18 kDa proteins are functionally replaced by 12 kDa and Cytc550 (PsbU and PsbV) proteins .
Although PSII plays important roles in the primary photochemical reaction of photosynthesis, it is vulnerable to various environmental stresses ).
Effects of temperature stress on the structure and function of PSII
Photosystem II complex is considered to be the most susceptible part of photosynthesis to high-temperature stress, Kalaji et al. (2018) proved that when heat stress was applied continuously, barley showed a diminished photochemical activity of PSII. Chen et al. (2017) found that under heat and high-light co-stress, chlorophyll content, relative water content, and photochemical activity of PSII decreased. Heat stress inhibited the de novo synthesis of D1 protein, the core of the reaction center, and thus inhibited the repair of PSII during photoinhibition ). Moderate heat stress (40 °C, 30 min) on spinach thylakoids induced cleavage of the D1 protein and the release of the extrinsic 18 kDa, 23 kDa and 33 kDa proteins from PSII, which affected the degradation and aggregation of D1 protein (Komayama et al. 2007) . Though the acceptor side of PSII was the major site of short-term high temperature (40 °C, 3 h) (Yan et al. 2011) , it was thought that OEC was the most venerable component in wheat (Brestic et al. 2016) . A gradual increase in temperature caused the appearance of K-bands at 300 ms on the chlorophyll fluorescence induction curve, indicating the impairment of the PSII donor side 
Arabidopsis thaliana
Transgenic codA gene isolated from Arthrobacter globiformis Salt (NaCl) and low temperature GB enhanced the activity of PSII in plants under salt and cold stresses Hayashi et al. (1997) (Brestic et al. 2012) . Incubation of spinach PSII at 40 °C leads to its inactivation, which is caused by the dissociation of the 33 kDa protein as a consequence of temperatureinduced conformational changes (Pueyo et al. 2002) . Wang et al. (2010) found in wheat that heat stress decreased the maximal efficiency of PSII photochemistry (F v /F m ), which is usually used as a sensitive indicator of plant photosynthetic performance responding to stress conditions, and represent a measure of the functional status of PSII. Wang et al. (2010) also found that heat (40 °C) and draught stress also change the state of the lipid in thylakoid membrane, which may be involved in the functional impairment of PSII. At high temperatures (25-45 °C, 2 h), Rubisco activase became associated with the thylakoid membranes, causing reduction in the extent of activation of Rubisco , and the accumulation of reactive oxygen species (ROS) during heat (25-50 °C, 4 h) stress may also inhibit the repair of photodamage PSII in vivo (Yang et al. 2007 ).
Low-temperature stress also apparently enhances photoinhibition of PSII. Murata et al. (2007) examined the effects of low-temperature stress on photodamage and repair processes separately, and found that low-temperature stress inhibited the repair of PSII but did not affect photodamage to PSII. Low-temperature stress inhibited the synthesis de novo of proteins involved in the photodamage-repair cycle of PSII (Allakhverdiev and Murata 2004) and the processing of the precursor to the D1 protein that generates the mature D1 protein, which is necessary for the assembly of the active PSII complex. It remains to be determined whether the effects of low temperature on the synthesis and processing of proteins are direct or indirect via, for example, the production of ROS and/or a decrease in the intracellular level of ATP ). Some reports have shown that the generation of ROS induced by low temperature can cause cell membrane damage and inhibit the synthesis of pre-D1 protein at the translation stage, thus inhibiting the repair of PSII (Awasthi et al. 2015) . Low-temperature stress also significantly blocked the development of plastid in leaves of white kale and restrained the biosynthesis of chlorophyll in the Pchlide stage by down-regulating the expression of chlorophyll synthesis genes (Zhou et al. 2013 ). The membranes are very sensitive to environmental stress, and the change of membrane fluidity induced by low temperature is one of the direct influences of plants under low-temperature stress (Waraich et al. 2012) . Lipid peroxidation may also occur in the membrane under chilling stress (Strimbeck et al. 2015) . CP29, one of the minor antennae of PSII outer antenna complex, whose phosphorylation is involved in photoinhibition recovery and state transitions. And it could be phosphorylated in monocotyledonous plants under cold stress (Chen et al. 2009 ), with resultant decreases in the rate of repair of PSII. 
Effects of light stress on the structure and function of PSII
Wheat plants often encounter strong light-heat (36 °C, 1800 µmol photons m −2 s −1 , 2 h) co-stress during grainfilling stage, which may cause the decreases in activity of PSII and capacity of photosynthesis (Zhao et al. 2011) . When subjected to light stress, the D1 protein is damaged, and electron transport is inhibited, this process is referred to as photoinhibition of PSII. In this process, the D1 protein of PSII reaction center is damaged, degraded and needs to be replaced with a newly synthesized D1 protein (Wu et al. 2011) . Strong light and other types of abiotic stress seem to act synergistically on PSII in the process of photoinhibition . It was thought that high light and heat may induce degradation of photosystem II in wheat (Su et al. 2014) . PSII was significantly photo-inactivated during exposure to strong visible light (800 µmol photons m −2 s −1 ) for 8 h (Graßes et al. 2002) . D1 protein is a core part of PSII, and its damage causes the deformation of PSII reaction center and hinder electron transfer ). Santabarbaraa et al. (2001) found that light induced the degradation of the D1 reaction center protein and caused the degradation of PSII. After 2 h of high light and heat (36 °C, 1800 µmol photons m −2 s −1 ) co-stress, D1 protein level in wheat leaves decreased to 79% of control and then recovered to 81% after 3 h of recovery (Zhao et al. 2011) . Interestingly, Thiele et al. (1997) found that photoinhibitory illumination caused the inactivation of D1 protein in the mature leaves, but this phenomenon did not occur in young leave under high light, only a sharpen decline of potential PSII efficiency appeared. This interesting phenomenon may be caused by the rapid turnover of the D1 protein during high irradiance stress (500, 1000 and 1500 µmol photons m −2 s −1 ), which is an effective method of PSII to avoid completely decomposition of this large, multiprotein complex. However, Hakala et al. (2005) and Ohnishi et al. (2005) hold the view that photodamage is likely initiated by the direct impact of light on PSII. In addition, as the classical mechanism of photoinhibition, it was presumed that high light may produce ROS, which inhibits the repair of PSII mainly through suppressing the de novo synthesis of proteins (Nishiyama et al. 2006 ), thus damaging the photochemical reaction center of PSII.
Effects of salt stress on the structure and function of PSII
When PSII particles are in high concentrations of salt (CaCl 2 or NaCl) or urea, the extrinsic proteins may detach from them. When this happens, the proteins' requirement for calcium ions increases as oxygen evolves and two of the Mn ions may release from the Mn cluster of PSII eventually (Rivas et al. 2007 ). Many researches have revealed that salt stress induce the release of extrinsic proteins without damaging the structure and function of Mn clusters. Therefore, although PSII has no extrinsic proteins and becomes inactive in the process of oxygen evolution, its activity can be reactivated under certain conditions. When all three extrinsic proteins are exhausted, PSII tend to release two of the four manganese ions. The loss of manganese is irreversible and leads to a permanent cessation of oxygen evolution (Papageorgiou and Murata 1995) . However, the retention of 33 kDa protein alone is sufficient to stabilize the oxygen photosynthetic evolution of the manganese clusters. Therefore, 33 kDa protein is considered as "manganese-stabilizing protein" (Bondarava et al. 2007 ). -Taweel et al. (2007) reported that the photoinhibition of PSII increased under salt (NaCl) stress. The combination of [ 35 S] methionine with D1 protein was inhibited by salt stress, and the transformation alleviated this inhibitory effect. Northern blotting showed that salt stress had no significant effect on the transcription level of the psbA gene encoding D1 protein. This indicated that salt stress mainly intensified the damage of photoinhibition by inhibiting PSII repair. Ohnishi and Murata (2006) found that salt (NaCl) stress may disrupt the stability of proteases such as FtsH, which are needed for the degradation of D1 and other proteins in the PSII of Synechococcus, thus the repair of PSII was inhibited under light damage. A large number of enzymes are likely to be inhibited in higher plants under high concentrations of salts. Salt (NaCl) stress can also inhibit the activity of Rubisco, fructose 1,6-biphosphatase (FBPase), fructose 1,6-biphosphate aldolase (FBP aldolase) and phosphoribulokinase (PRKase) of chloroplasts (Yang et al. 2008) . Wherein salt stress seems to inhibit Rubisco activase and its binding to Rubisco, thus inhibiting CO 2 fixation. In addition, salt (NaCl) stress significantly inhibited the assimilation of CO 2 , decreased the rate of electron transport in PSII and increased the degree of non-photochemical quenching. Meanwhile, the resultant production of ROS might, in turn, inhibit the repair of PSII . It seems possible that salt stress might also inhibit the interaction between proteases (FtsH and DegP2, which are involved in the degradation of D1) and D1, or that salt stress might inactivate these proteases directly. And in this way, the turnover of D1 may be influenced, then the repair of PSII may be inhabited (Ohnishi and Murata 2006) . However, salt stress did not cause F v /F m to decrease as high-temperature stress did . Giardi et al. (1996) thought that drought (stop watering) predisposed photoinhibitory damage to PSII. Experiments showed that the chlorophyll fluorescence of leaves decreased under drought (control irrigation) stress in various plant species (Wang et al. 2010; He et al. 2013) . A decrease in chlorophyll content as affected by drought stress produces ROS such as O 2 − and H 2 O 2 that consequently leads to lipid peroxidation and chlorophyll destruction (Nxele et al. 2017 ). Quan et al. (2004) examined the effects of osmotic stress due to 10% (w/v) PEG-6000 on PSII activity at the maize plants and found that the activity of PSII decreased to 75% of the initial, and the net rate of photosynthesis fell to 35% of the initial. The stomatal closure, which is caused by drought (withhold watering) stress, restricts the CO 2 entry into leaves and as a result, net photosynthesis is reduced due to decreased CO 2 availability at chloroplast level (Denaxa et al. 2012 ). In addition, Flexas and Medrano (2002) and Lawlor and Cornic (2002) believe that the sharp decrease of net photosynthetic rate under water deficits stress is also related to some non-stomatal factors, such as blocking Rubisco or ATP synthesis. In the Calvin cycle, the depletion of CO 2 , ATP and RuBP or the inhibition of Rubisco will reduce the utilization rate of NADPH, and thus reduce NADP + (Ma et al. 2006) . As the main electron acceptor of PSI, the reduce of NADPH + will accelerate the transport of electrons to oxygen, therefore, hydrogen peroxide is produced by O 2 − , which in turn inhibits the synthesis of proteins, especially D1 protein, thus inhibiting the repair of PSII . When drought stress is applied to plants, the first target seems to be F-ATPase, whose inactivation leads to a lack of ATP in cells (Flexas and Medrano 2002) . The Rubisco, which is required for CO 2 fixation, needs ATP supply, so the carbon dioxide fixation will be inhibited and reactive oxygen species will be generated, thus inhibiting protein synthesis and PSII repair .
Effects of drought stress on the structure and function of PSII
GB plays important stabilizing roles in PSII
General functions of GB in plants GB, a fully N-methyl-substituted derivative of glycine, is one of the organic compatible solutes that can accumulate rapidly in a large variety of microorganisms (Anburajan et al. 2017), higher plants (Hefni et al. 2018; Servillo et al. 2018 ) and animals (Choi et al. 2018; Shadmehr et al. 2018) . Numerous studies on the physiology, biochemistry, biophysics, and genetics of plants have suggested that GB plays an important role in plants under various types of environmental stresses, such as salt (Mbarki et al. 2018; Tang et al. 2015; Tian et al. 2017) , heat Yang et al. 2007 ) and low temperature (Razavi et al. 2018; Wang et al. 2019) . GB is an amphoteric compound that is electrically neutral over a wide range of physiological pH values. The molecular features of GB allow it to interact with both hydrophilic and hydrophobic domains of macromolecules, such as enzymes and protein complexes (Sakamoto and Murata 2002) . Consequently, GB can effectively stabilize the quaternary structures of enzymes and complex proteins, protect lipids and alleviate ions efflux (Allakhverdiev et al. 2003; Wei et al. 2017 ) and maintain the highly ordered state of membranes under abnormal environmental conditions.
Although great attention has been paid to the way that GB protect macromolecular structures and enzymic activities from denaturation and deactivation, the details have not been fully worked out yet. Indeed, two separate hypotheses emerged long ago. On the one hand, Kuwabara and Murata Page 7 of 14 36 (1983) proposed the 'solute exclusion hypothesis', they held the view that proteins are always preferentially induced hydration in its surface by GB so that a hydration shell (layers of bound water) can be maintained around the surface of the protein. This 'solute exclusion mechanism' plays a vital role in the stabilization of the structure of protein. On the other hand, Schobert (1977) argued that the hydrophobic domains of a protein's surface are the vulnerable area, GB as an amphoteric compound, which has hydrophobic groups can bind to the hydrophobic surface of proteins. In this way, GB allows the hydrophobic domains of the protein to become more accessible to water, so the protein can eventually preserve the structural integrity under conditions of water deficiency.
As we all know, photosynthesis is one of the fundamental and crucial physiological processes of plants and often limited by different environmental stresses such as heat, cold, drought, salt and high light (Xu et al. 2015) . And the reaction center of PSII, a highly complex proteins, is the key site of photosynthesis, often damaged by various environmental stresses (Adir et al. 2003; Murata et al. 2007) . It is important for plants to stabilize the structure and function of PSII. Therefore, betaine was proposed as a protective substance based on experimental evidence. GB plays important roles in the stabilization of the structure and function of PSII under various abiotic stresses.
GB plays important stabilizing roles in the structure of PSII
GB stabilizes the intact structure of PSII to ensure its normal active state
The oxygen-evolving center of PSII includes a manganesecalcium cluster (4:1 Mn:Ca) as main catalytic cofactors which is connected to a small set called extrinsic proteins (Rivas et al. 2007) . As for green algae and higher plants, there are three extrinsic proteins with the molecular masses of 33, 23 and 17 kDa in PSII. However, 12 kDa and Cytc550 proteins replace 23 kDa and 18 kDa proteins functionally in cyanobacteria (Kakiuchi et al. 2012) . As reported before, 33 kDa protein is able to bind manganese (Popelkova and Yocum 2011; Popelkova et al. 2010 ) and it can function as a carbonic anhydrase in the presence of manganese . It was also put forward that 23 kDa also have the ability to bind calcium and manganese (Bondarava et al. 2005 (Bondarava et al. , 2007 . When all of these extrinsic proteins bind well to the manganese cluster, the oxygen evolution activity may be maintained at physiological rates (Rivas et al. 2007) . But unfortunately, the extrinsic proteins may detach from PSII in the presence of stresses.
Through a large number of concentrated studies, people found that GB have the ability to decrease the ability of environmental stresses to dissociate the extrinsic proteins from PSII (Fig. 2a ). Papageorgiou and Murata (1995) found that GB can block the NaCl-induced dissociation of 18 kDa and 23 kDa proteins and MgCl 2 -induced 33 kDa proteins. In addition, Stamatakis and Papageorgiou (1993) held the view that in the PSII of cyanobacteria, GB can also block the NaCl-induced 9 kDa protein dissociation, and it can reactivate PSII that was deactivated by the dissociation of 9 kDa protein. In the presence of GB, the enhanced oxygen evolution of PSII observed in higher plants may reflect the further stabilization of higher structures in the oxygen-releasing complex, especially the binding of 33 kDa extrinsic proteins to Manganese clusters.
GB stabilizes the synthesis of the structural components of PSII
PSII is the light-driven water-splitting enzyme in cyanobacteria, alga, and plants. The main part of PSII consists of about 20 subunits, which bind to many cofactors as X-ray crystal structure revealed (Sugiura et al. 2018) . And most of these cofactors involving the water oxidation and electron transfer combine with the reaction center subunits, D1 and D2 protein. Among them, D1 protein plays a core role in the photochemistry of PSII. D1 protein is the most vulnerable site of PSII in photoinhibition, so a repair mechanism is needed to revive it (Nagarajan et al. 2011) . A number of studies of the physiology, genetics, biophysics and biochemistry of plants shown that GB plays a crucial role in repairing D1 protein or facilitates its turnover under various environmental stress (Fig. 2b) . In addition, GB also protects some proteases (FtsH and DegP2, which are involved in the degradation of D1) from abiotic stresses, which has been shown to inhibit the interaction between these proteases and D1, or may directly inactivate these proteases ( Fig. 2c) (Kato et al. 2018; Ohnishi and Murata 2006; Haußühl et al. 2001) . In this way, GB can promote the turnover of D1 and then facilitate the repair of PSII by protecting these proteases.
A recent study with transgenic tomato plants, which had been transformed with the BADH gene from spinach, seemingly demonstrated that the accumulation of GB inhibit the production of ROS by activating/stabilizing the activity of ROS scavenging enzymes (such as catalase, ascorbate peroxidase, glutathione reductase, dehydroascorbate reductase, and monodehydroascorbate reductase) ( Fig. 2d) (Li et al. 2014b) . In this way, the inhibition of pre-D1 protein synthesis in the translation stage can be alleviated, and the inhibition of D1 protein synthesis can be indirectly alleviated. Similar phenomena have also been observed in transgenic tobacco by Yang et al. (2007) .
In a transgenic tobacco experiment, found that GB may maintain the activation of the CO 2 fixation enzyme, such as Rubisco and Rubisco activase at high temperatures, so as to enhance the tolerance of CO 2 assimilation, and inhibit the production of ROS, thus reduce the inhibition effects ( Fig. 2e ). They also found that CO 2 assimilation of transgenic plants was significantly higher than that of wild plants. Transgenic plants can enhance the protection of photosynthesis at high temperature, which is mainly related to the activation of Rubisco. As Rubisco activase was easy to bind to thylakoid membrane at high temperature, resulting in a reduced degree of Rubisco, while GB was able to maintain the activation of Rubisco by preventing the detention of Rubisco activase on thylakoid membrane, thus it can enhance the tolerance of CO 2 assimilation to high-temperature stress, and thereby indirectly stabilizing the synthesis of D1 protein. When the photosynthetic fixation of CO 2 was limited under stresses, the utilization of NADPH in the Calvin cycle will be reduced, that in turn cause the drop of the NADP + level . As the main electron acceptor of the optical system, the reduction of NADP + will accelerate the transport of electrons to molecular oxygen and produce ROS, then suppress the synthesis of proteins, especially D1 protein. GB will prohibit these phenomena and reduce the inhibition effects of stresses to PSII by maintaining the assimilation of CO 2 , and protect the structure and function of PSII eventually (Fig. 2e ).
In addition, GB may directly protect the translation mechanism of D1 protein from abiotic stress by protecting membrane integrity or channel blocking function, and limit the K + outflow caused by ROS ( Fig. 2f ) .
GB plays important stabilizing roles in the function of PSII
Higher plants, algae and cyanobacteria capture light by light harvesting pigment-protein complexes, and convey them to the reaction center of PSII (Bricker et al. 2012) . Almost all of the subunits and cofactors of PSII can play various important roles in the function of it. GB seems to indirectly stabilize the function of PSII by stabilizing the structure of these compositions (subunits and cofactors of PSII).
Considerable investigations are available which suggest that the 33 kDa protein may take part in an inter-monomer reciprocity with CP47, consolidating the PSII dimer . The 33 kDa protein also lowered the demanded of chlorine and calcium in the evolution of oxygen. In addition, the deletion of 33 kDa protein resulted in the loss of the assembly capacity of photoautotrophic growth and functional PSII reaction center (Bricker et al. 2012 ). Evidence has shown that 33 kDa protein has a high affinity Fig. 2 Hypothetical scheme for the effects of betaine on the stabilization of PSII under abiotic stresses. a GB helps to decrease the ability of abiotic stresses to dissociate the extrinsic proteins from PSII. b GB helps to repair D1 protein of PSII or facilitate its turnover under abiotic stresses. c GB helps to protect some proteases including FtsH and DegP2, which are involved in the degradation of D1, from abiotic stresses. d GB helps to inhibit the production of ROS, which is caused by abiotic stresses, by activating/stabilizing the activity of ROS scavenging enzymes, alleviating the inhibition of pre-D1 protein synthesis in the translation stage. e GB helps to support the fixation of CO 2 under abiotic stresses, which depresses the production of ROS and stabilizes PSII. f GB helps to limit the efflux of K + ions caused by ROS, and protects the translational machinery of D1 protein of PSII against abiotic stresses Page 9 of 14 36 for GTP (Spetea et al. 2004 ) and appears to act as a GTPase (Lundin et al. 2007b ), which can be temporarily considered as the control of the phosphorylation state of D1 protein (Lundin et al. 2007a) . Given that the phosphorylation of the D1 protein seems to be related to the efficient conversion rate of PSII, it was devised that the 33 kDa protein may be a vital regulator of this process (Lundin et al. 2008) . Considering that 33 kDa protein plays so many roles in PSII, and GB can protect it from separation from the complex, so that GB can enhances the oxygen-evolving activity of PSII indirectly.
Similarly, 23 and 17 kDa proteins work the same way, so GB can indirectly stabilize the function of PSII by protecting them. These proteins can also coordinate the need of calcium and chloride for oxygen evolution, their functions are to optimize oxygen evolution at physiological concentrations of calcium and chlorine (Bricker et al. 2012) . Consumption of them also increased the approachability of Manganese clusters to exogenous reductants (Ghanotakis et al. 1984) . What's more, 23 and 17 kDa proteins could stabilize the conformation of PSII, which is necessary for the successful synthesis of these ions into PSII (Bricker et al. 2012) .
The intrinsic D1 and D2 proteins of the PSII function as a core in the photochemistry (Ferjani et al. 2001) . Under suitable physiological conditions, the light conversion rate of D1 protein is the highest among all chloroplast proteins (Franco et al. 1999) . Whereas D1 protein is variable under environmental stress which is usually damaged and is the chief target of photoinhibition (Ferjani et al. 2001) . To deal with constantly occurring photodamage, the D1 protein is constantly renewed by synthesizing new proteins (Zhang and Aro 2002) . Such update process of D1 protein was known as PSII repair cycle (Singh et al. 2005) . As GB can facilitate the generation of D1 protein, so it can also promote the repair of the photosynthetic damage of PSII indirectly.
Moreover, GB may forthrightly protect the translation mechanism of D1 protein from abiotic stress by protecting membrane integrity or channel blocking function, and limit the K + outflow caused by ROS .
And beyond that, GB may also stabilize the structure and function of PSII by modulating the adaptability to the external environment, such as temperature. In a transgenic cyanobacteria experiment, Allakhverdiev et al. (2007) found that under thermal stress, the synthesis of GB can protect the oxygen-evolving complex from heat-induced inactivation by increasing the 50% inactivation temperature from 46 to 54 °C. And it can also protect the photochemical reaction center from heat-induced inactivation by increasing the 50% inactivation temperature from 51 to 58 °C.
Specific effects of GB on PSII
What makes betaine an effective protectant for the structure and function of some proteins and enzymes, especially PSII? The answer to this question is not clear, but as early as 1995, Papageorgiou and Murata (1995) put forward some clues according to some features of GB: (1) among all of amphoteric amino acid ions, GB is the smallest one, so the metabolic energy required for cells to achieve osmotic regulation through biosynthesis is relatively low; (2) GB is a kind of zwitterion, which does not need the counterion to remain electroneutral in the cytoplasm throughout the whole physiological pH range; (3) GB is a compound with both hydrophobic positive terminal (i.e., the tetralkylammonium group) and hydrophilic negative terminal (i.e., the carboxylate group), which enables it to neutralize anionic groups outside the hydrophobic protein domain; (4) the tetravalent nitrogen atom of GB lacks the characteristic lone pair which lies in the trivalent nitrogen atom, so it will not interact with the electrophilic center (such as manganese cluster), and the electrical performance of the electrophilic center will not be changed.
Conclusions and perspectives
Glycinebetaine seems to have important effects on the response of plant cells to various stresses. Many plants can synthesize and accumulate glycine betaine under abiotic stresses to maintain normal growth and development. The application of exogenous betaine and transgenic plants, which generated various genes, that accumulate GB have also been proved to further promote the growth and development of plants under abiotic stresses. In recent years, advanced research techniques and means provide more possibilities for the study of resistance of plants to abiotic stresses, among which the molecular mechanism that GB protects photosynthesis, especially PSII, from various abiotic stresses is one of the important proofs . Based on the recently proposed models for the mechanism of abiotic stresses intensifying photoinhibition of PSII (Takahashi and Murata 2008) and GB protecting plants from abiotic stresses Sakamoto and Murata 2002) , a modified hypothesis was presented in Fig. 2 to clarify the stabilizing effects of GB on the structure and function of PSII under abiotic stresses. The possible mechanisms include: (1) GB decreases the dissociation of extrinsic proteins from PSII under abiotic stresses. Extrinsic proteins are important to the aspects of integrating PSII dimers , reducing the demand for calcium and chloride during the oxygen evolution of PSII (Bricker et al. 2012 ) and regulating the phosphorylation status of D1 protein (Lundin et al. 2007a ), functioning as GTPase (Lundin et al. 2007b ) and the consumption of these proteins also increased the approachability of Manganese clusters to exogenous reductants. Therefore, GB can stabilize the structure and function of PSII through facilitating the combination of these extrinsic proteins with the complex; (2) GB helps to repair D1 protein of PSII or facilitate its turnover under abiotic stresses. Such updated process of D1 protein was known as the PSII repair cycle (Singh et al. 2005) . As GB can facilitate the generation of D1 protein, so it can also promote the repair of the photosynthetic damage of PSII; (3) GB protects some proteases (FtsH and DegP2, which are involved in the degradation of D1) from abiotic stresses, promote the turnover of D1 and thus facilitate the repair of PSII (Ohnishi and Murata 2006) ; (4) GB inhibits the production of ROS by activating/stabilizing the activity of ROS scavenging enzymes, hence alleviates the inhibition of pre-D1 protein synthesis in the translation stage (Yang et al. 2007 ); (5) GB enhances the tolerance of CO 2 assimilation, thereby depressing the production of ROS and promoting the synthesis of pre-D1 protein in the translation stage. When the photosynthetic assimilation of CO 2 was limited under stresses, the utilization of NADPH in the Calvin cycle will be reduced, that in turn cause the drop of the NADP + level . As the main electron acceptor of the optical system, the reduction of NADP + will accelerate the transport of electrons to molecular oxygen and produce ROS, then suppress the synthesis of proteins, especially D1 protein. GB will suppress these phenomena and reduce the inhibition effects to PSII by enhancing the tolerance of CO 2 assimilation; (6) GB protects the translation mechanism of D1 protein from abiotic stresses by protecting membrane integrity or channel blocking function, and limit the K + outflow caused by ROS (Chen and Murata 2011); (7) GB may also stabilize the structure and function of PSII by modulating the adaptability of plants to the external environment, such as temperature .
GB is a very effective compound for enhancing plant tolerance to a variety of abiotic stresses. Current works focus on the elucidation of the protection mechanism by GB in vivo and how it enhances the tolerance of plants to environmental stresses. However, in terms of the protective effect of GB, there is still a key gap between phenomena in vivo and in vitro (Sakamoto and Murata 2002) . For practical purposes, further research, such as epigenetics, is particularly needed at the molecular level to record and summarize the response of in vitro phenomena to the external environment and interventions. In addition, in the researches involving GB, there is still a lack of field experiments to evaluate the stress resistance of exogenously added crops or transgenic crops under actual field conditions (Ahmad et al. 2013 ). In the future, we hope that it is possible to further strengthen the role of GB in agricultural production based on theoretical analysis and laboratory research results. And it may be possible to promote the application of GB in practical production by applying it directly or as additives in fertilizers to crops. We will emphasize once again that it is time to increase the cultivation of crops resistant to abiotic stress to help to address food production problems that threaten the survival of a growing population.
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